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MicroRNAs are small noncoding RNAs that
serve as posttranscriptional regulators of
gene expression in higher eukaryotes. Their
widespread and important role in animals is
highlighted by recent estimates that 20%–
30% of all genes are microRNA targets.
Here, we report that a large set of genes in-
volved in basic cellular processes avoid
microRNA regulation due to short 30UTRs
that are specifically depleted of microRNA
binding sites. For individual microRNAs,
we find that coexpressed genes avoid
microRNA sites, whereas target genes and
microRNAs are preferentially expressed in
neighboring tissues. This mutually exclu-
sive expression argues that microRNAs
confer accuracy to developmental gene-
expression programs, thus ensuring tissue
identity and supporting cell-lineage deci-
sions.
INTRODUCTION
Regulation of gene expression at the transcriptional level
plays a central role in defining cell fates and controlling organ
formation. But the importance of posttranscriptional gene
regulation is increasingly recognized. microRNAs (miRNAs)
confer a novel layer of posttranscriptional regulation, widely
used in plants and animals. miRNAs are small noncoding
RNAs that repress gene expression by recruiting effector
complexes (miRNPs) to miRNA complementary sites on
mRNAs (Bartel, 2004; Zamore and Haley, 2005). miRNP re-
cruitment in plants requires extensive sequence complemen-
tarity and typically leads to target mRNA cleavage (e.g.,CellSchwab et al., 2005). Animal miRNAs are only partially com-
plementary to their targets and repress their expression,
likely by blocking translation initiation and by recruiting
miRNPs to processing bodies where degradation might oc-
cur (Bagga et al., 2005; Lim et al., 2005; Liu et al., 2005; Pillai
et al., 2005; Rehwinkel et al., 2005; Sen and Blau, 2005).
miRNAs are estimated to comprise 1%–5% of animal
genes (Bartel, 2004; Bentwich et al., 2005; Berezikov et al.,
2005),making themoneof themost abundant classes of reg-
ulators. Their importance is evidenced by evolutionary con-
servation and by themany biological processes in which they
are implicated, including developmental timing, cell prolifera-
tion, apoptosis,metabolism, cell differentiation, andmorpho-
genesis (Alvarez-Garcia and Miska, 2005; Ambros, 2004).
Current ideas about animalmiRNA functions have been influ-
enced by the handful of genetically identified miRNAs and
their targets. These miRNAs have been described as devel-
opmental switches, repressing a few target genes. Indeed,
some miRNA mutant phenotypes can largely be explained
by increased expression of a single target (Ambros, 2004).
New insights are challenging the view of animal miRNAs
as switches for a few targets and suggest a more complex
picture. (1) Recent estimates indicate that an averagemiRNA
may regulate hundreds of genes (Brennecke et al., 2005;
Gru¨n et al., 2005; Krek et al., 2005; Lewis et al., 2005; Xie
et al., 2005). (2) Most targets contain only single sites that
might not be sufficient to confer strong repression, making a
switch-like relationship unlikely. (3) Despite striking tissue-
specific expression patterns of miRNAs in zebrafish (Wien-
holds et al., 2005), a general role as developmental switches
in patterning or organogenesis has been excluded by analy-
sis of embryos lacking all miRNAs (Giraldez et al., 2005).
This suggests that miRNAs might not primarily be involved
in developmental decision-making. This view has gained
initial support from the finding that overexpressing miR-1
and miR-124 in HeLa cells downregulated many mRNAs,
which are of low abundance in the tissues expressing these
miRNAs (Lim et al., 2005). miRNAs might thus help to main-
tain and define cell types by suppressing expression of un-
wanted transcripts.However, it remainedunclear if thedown-
regulated transcripts are representative of physiological123, 1133–1146, December 16, 2005 ª2005 Elsevier Inc. 1133
targets andwhether the insights gained canbegeneralized to
a new role for miRNAs in animal development.
Here, we address the role of miRNAs in developmental
gene expression programs, particularly their relationship to
the large number of conserved targets. We combined im-
proved miRNA target prediction with information on gene
function and expression in Drosophila. We present evidence
that many genes are under selective pressure to avoid
miRNA regulation. The existence of such ‘‘antitargets’’ had
been proposed on theoretical grounds (Bartel and Chen,
2004). We find that antitargets are involved in basic pro-
cesses common to all cells, whereas targets are mainly in-
volved in developmental processes. For individual miRNAs,
coexpressed genes avoid regulation, whereas predicted tar-
gets and miRNAs are preferentially expressed in adjacent
domains. When considered in the temporal and spatial con-
text of development, this relationship of miRNA, target, and
antitarget expression suggests that miRNAs confer accu-
racy to gene-expression programs. Our findings indicate
that miRNAs have had a profound impact on 30UTR evolu-
tion, reflected in the observed patterns of site avoidance
and enrichment.
RESULTS
Target-Site Prediction with High Specificity
and Coverage
We predict miRNA targets based on a systematic experi-
mental analysis of the structural requirements for target site
function in vivo (Brennecke et al., 2005). Briefly, we identified
sites via complementarity to miRNA 50 ends and evaluated
50 and 30 pairing. We restricted the search to sites conserved
in an alignment of the orthologous D. melanogaster and
D. pseudoobscura 30UTRs as these are more likely biologi-
cally relevant. This yielded 179 conserved target sites per av-
erage miRNA. We estimated the overall significance of these
predictions by analyzing whether target sites for real miRNAs
are better conserved than those for shuffled control miRNAs
(Lewis et al., 2003). While 34% of sites for real miRNAs iden-
tified in D. melanogaster were conserved, only 14% were
conserved for shuffled miRNAs, yielding a highly significant
p value and a signal-to-noise ratio of 2.4:1. This signal was
abolished when two nucleotides at the 50 end of the miRNAs
were changed, indicating the validity of the approach and
control (Figure 1A). An average Drosophila miRNA thus tar-
gets over 100 sites above noise. Note that this does not
imply that the other sites are false, only that they cannot be
distinguished from noise. The false-positive rate can only
be assessed experimentally. We consider it likely that most
identified sites are functional because all comply with our
rules and are conserved.
We tested 9 of the top 25 predictions using a luciferase-
reporter assay in S2 cells and found eight to be significantly
regulated (p < 0.01; Figures 1B and 1C). Including the previ-
ously validated bantam target hid (Brennecke et al., 2003),
this suggests a 90% success rate for top predictions. Inter-
estingly, over half encode transcription factors, whose mis-
regulation could have severe consequences. To assess the
performance at different ranks and the improvement over1134 Cell 123, 1133–1146, December 16, 2005 ª2005 Elsevier Inour previous study (Stark et al., 2003), we evaluated the pre-
dictions with a large number of experimentally tested
miRNA-target pairs (Figure 1D). 88% (50/57) of the new pre-
dictions were functional, which is a substantial improvement
in specificity as the number of false positives was reduced by
65% (7 versus 20). This did not come at the cost of lower
sensitivity because we now predict 50% more functional
pairs (50/62 versus 34/62; see Figure S1 and Table S1 in
the Supplemental Data available with this article online for
comparison to other Drosophila target predictions). In sum-
mary, the experimental and statistical results show that our
method and the one by Gru¨n et al. (2005) predict functional,
biologically relevant sites with high accuracy, which is critical
for the analysis below. Our predictions are available at www.
miRNA.embl.de.
Extensive Cooccurrence of Sites for Different miRNAs
Only 5% of all predicted targets contain more than one con-
served site for any single miRNA, indicating that stringent
regulation by onemiRNA is rare. In contrast, we observed ex-
tensive cooccurrence of sites for different miRNAs in target
30UTRs (Figure S2; Enright et al., 2003; Gru¨n et al., 2005;
Krek et al., 2005). The 9487 binary interactions correspond
to 3125 different 30UTRs. Almost 50% of target 30UTRs
have sites for two or more 50 unique miRNAs and some
have sites for up to 12. In contrast, 5129 30UTRs had no con-
served site, indicating that target sites are distributed highly
asymmetrically across different genes. A detailed analysis re-
vealed that genes with more miRNA sites have on average
longer 30UTRs but also significantly more sites/kb of 30UTR
sequence (Figure S2). Reciprocally, genes with few sites
have short 30UTRs and lower site densities. These two trends
are not seen together in random controls and indicate that
30UTRs have been under selection to acquire or eliminate
miRNA target sites.
A striking example of site cooccurrence is the transcript
for the nervous system-specific transcription factor Nerfin-1
(Stivers et al., 2000), whose 30UTR contains 15 target sites
for 10 different miRNAs (Figure S2D). Consistent with the
presence of multiple miRNA sites, a ubiquitously transcribed
nerfin-1 30UTR reporter is repressed by miRNAs, as lack of
Dicer-1 in cells of various tissues showed strong reporter up-
regulation (Figure S2E). Intriguingly, expression of this re-
porter is normally detectable only in the nervous system (data
not shown). Thus, by virtue of the miRNA target sites it con-
tains, the nerfin-1 30UTR appears to carry information about
the tissue in which nerfin-1 is expressed and required.
Presence and Absence of Target Sites Correlate
with Gene Function
To ask if the presence or absence of miRNA target sites cor-
relates with gene function we compared the 3125 predicted
targets with all genes lacking conserved sites. We deter-
mined if these sets contain more or fewer genes from any
given gene ontology (GO) or KEGG category than expected,
given the category’s frequency in the 30UTRdatabase (‘‘gene
enrichment,’’ see Supplemental Data). Table 1 shows cate-
gories that are most significant in terms of containing more,
or fewer, target genes than expected (see Figure S3 for topc.
Figure 1. Summary of Target Validation
(A) Signal to noise ratio (black bars) and statistical significance (log p value; gray bars) for miRNA target predictions compared to shuffled controls. Signals
obtained for 50 nonredundant miRNAs (real) are lost for variants with 2 nt changes in the 50 end (mutant). Both measures are displayed for all predicted sites;
sites with good seed matches and strong (canonical) or weak (seed-only) 30 pairing energy (>90% of sites are seed only); 30 compensatory sites with weak
seed matches and strong 30 pairing.
(B) Top 25 predictions ranked by UTR score (± indicates functionality, see Supplemental Data). Percentile (Perc.) indicates the rank relative to the best UTR
scores for shuffled miRNAs.
(C) Experimental validation of top predictions using luciferase 30UTR reporters. Normalized luciferase activity for nine predicted target 30UTRs ± coexpressed
miRNA. Error bars: standard deviation; asterisks: p < 0.01, n = 3; double-sided t test. Control 30UTR reporters lacking predicted sites for themiRNAwere not
repressed (white bars).
(D) Performance of our predictions based on all Drosophila miRNA target interactions tested (see Supplemental Data for details). Functional pairs are in
black, false positives in gray.50). We refer to these as ‘‘target’’ and ‘‘antitarget’’ catego-
ries (after Bartel and Chen [2004]). Out of several thousand
GO and KEGG categories, the top target categories were
dominated by developmental processes (consistent with
previous studies, e.g., Enright et al., 2003; Gru¨n et al.,Cell2005), whereas the top antitarget categories were exclu-
sively basic processes common to all cells.
To assess the basis for this highly asymmetric distribution
of target sites, we analyzed 30UTR characteristics that might
influence target-site occurrence (considering all genes in123, 1133–1146, December 16, 2005 ª2005 Elsevier Inc. 1135
Table 1. miRNA Target and Antitarget Categories
Category Description # Genes p(over) in Targets p(under) in Antitargets
GO:0009887 Organogenesis 646 2.1E-34 7.3E-26
GO:0007399 Neurogenesis 364 2.2E-23 5.4E-19
GO:0007165 Signal transduction 791 2.7E-19 2.5E-14
GO:0030154 Cell differentiation 213 2.0E-11 5.4E-09
GO:0009790 Embryonic development 228 5.4E-11 1.4E-08
GO:0045165 Cell fate commitment 146 1.2E-10 3.8E-09
GO:0045449 Regulation of transcription 448 1.4E-09 2.8E-06
GO:0002009 Morphogenesis of an epithelium 104 1.0E-08 3.0E-08
GO:0007422 Peripheral nervous system development 95 4.5E-08 3.9E-07
GO:0009795 Embryonic morphogenesis 101 1.1E-07 5.2E-07
GO:0007498 Mesoderm development 135 3.5E-07 2.0E-04
Category Description # Genes p(over) in Antitargets p(under) in Targets
GO:0030529 Ribonucleoprotein complex 200 3.7E-06 1.3E-11
GO:0005840 Ribosome 128 2.4E-05 1.1E-11
GO:0006412 Protein biosynthesis 289 4.1E-03 3.8E-04
GO:0016070 RNA metabolism 190 7.4E-03 7.7E-04
GO:0016591 DNA-directed RNA polymerase II, holoenzyme 62 7.7E-03 5.6E-05
GO:0006119 Oxidative phosphorylation 61 1.8E-02 2.3E-04
GO:0006281 DNA repair 70 2.2E-02 4.7E-04
GO:0000502 Proteasome complex (sensu Eukarya) 37 2.6E-02 4.1E-04
GO:0006259 DNA metabolism 203 2.8E-02 3.9E-03
GO:0008380 RNA splicing 78 3.9E-02 1.4E-02
Best target and antitarget GO categories, whose genes are significantly over- or underrepresented among all 3125 predicted targets
(obviously redundant categories were removed). Similar results are obtained when asking for under- or overrepresentation among the
5129 antitargets lacking predicted target sites. p values indicate the probability that the over- or underrepresentation occurred randomly.
(Top) GO categories overrepresented among miRNA targets (target categories). (Bottom) GO categories underrepresented among
miRNA targets (antitarget categories). Multiple testing correction factors were determined by using shuffled gene–GO term assignments.
For the different statistics (left to right, top to bottom), the factors are 719957, 3879, 8.6, and 30.1, respectively.each category, not only predicted targets and antitargets).
Figure 2 shows this analysis for two representative catego-
ries: the target category neurogenesis and the antitarget cat-
egory ribosome (comparable results were obtained for most
other target and antitarget categories, Figure S3). Given that
sites with as little as 7–8 nucleotides complementarity are
functional (Brennecke et al., 2005), longer 30UTRs likely con-
tain more sites. Indeed, average 30UTR length differs consid-
erably: genes-encoding ribosomal proteins have 6-fold
shorter 30UTRs than neurogenesis genes (Figure 2A). Selec-
tion against long 30UTRs could be an effective means to limit
miRNA regulation. As 30UTR lengths might differ for reasons
unrelated to miRNAs, we tested whether site densities dif-
fered in both categories. We observed a marked difference
in that ribosomal genes have 4.3 fewer sites per kb of
30UTR than neurogenesis genes (Figure 2B), whereas both
categories showed comparable site densities for shuffled
miRNAs. This difference could reflect ribosomal genes hav-
ing fewer sites than expected or neurogenesis genes having1136 Cell 123, 1133–1146, December 16, 2005 ª2005 Elsevier Imore given their 30UTR lengths, so we tested whether ribo-
somal genes specifically avoid miRNA target sites compared
to random sequences (‘‘site enrichment,’’ see Supplemental
Data). We found significantly fewer miRNA complementary
sites than sites for shuffled miRNAs; Figure 2C; p = 7 
107), indicating specific avoidance of miRNA regulation.
In contrast, 30UTRs of neurogenesis genes are specifically
enriched for sites (p = 2  105).
The degree of 30UTR conservation also influences the
gene-enrichment analysis, as genes with more conserved
30UTR sequence are more likely to be predicted as targets.
Although the overall degree of 30UTR conservation is com-
parable (Figure 2D), we observed a striking difference in the
conservation of miRNA complementary sites only (‘‘selective
conservation,’’ see Supplemental Data). Sites in 30UTRs of
neurogenesis genes are much better conserved than ex-
pected given the overall 30UTR conservation (p < 10150;
Figure 2E), whereas those in ribosomal genes are not (p =
0.6).nc.
Figure 2. Properties of Target and Antitarget 30UTRs
Values are based on all genes in the GO categories ribosome (GO:0005840; R) and neurogenesis (GO:0007399; N).
(A) median 30UTR length; (B) target-site density (predicted sites/kb 30UTR sequence); (C) specific enrichment (up) or avoidance (down) of predicted sites
(CG: conserved genome analysis; log p values; statistic corrects for 30UTR length); (D) overall 30UTR conservation counting nucleotides in conserved
blocks ofR6; (E) selective site conservation (log p values); (F) specific enrichment (up) or avoidance (down) of sites in D. melanogaster 30UTRs (SG: single
genome;log p values). Values for neurogenesis are split: all miRNAs (black), top 10 neurogenesis-miRNAs (gray), top 10 antineurogenesis miRNAs (white).
(G) Underrepresentation (log p values) of miRNA complementary 6mers in ribosomal 30UTRs versus position in the miRNAs: all miRNAs (black), average
and standard deviation of 10 shuffled miRNAs per real miRNA (gray).
(H) median 30UTR lengths of ribosomal (black) and transcription factor genes (gray) for S. cerevisiae (Sce),A. thaliana (Ath),C. elegans (Cel),D.melanogaster
(Dme), and H. sapiens (Hsa). p values indicate the significance of length differences for each species (double-sided t test).Selection for and against miRNA Target Sites
A key finding is that genes in antitarget categories specifically
avoid miRNA sites. If miRNAs had no influence on antitarget
30UTRs, we would expect random site occurrence rather
than avoidance. Target site avoidance indicates that miRNA-
mediated regulation of genes in antitarget categories would
bedetrimental and that it has been subject to selection during
evolution. On this basis, we expect avoidance ofmiRNA sites
in antitargets, whether conserved or not. This was confirmed
by examining 30UTRswithout requiring site conservation.We
found significantly fewer sites in 30UTRs of ribosomal genes
than expected given their lengths (p = 3  104; Figure 2F).
To test for avoidance independent of our predictions, we per-
formed a 6mer ‘‘seed walk,’’ where we assessed the avoid-
ance of 6mers along the sequence of all miRNAs. This further
illustrated the specificity of target site avoidance: only 6mers
complementary to the 50 region of real miRNAs—the crucial
element for target recognition—are avoided in ribosomal
30UTRs (Figure 2G, ‘‘seed avoidance’’; see Supplemental
Data).
Although neurogenesis genes are enriched in conserved
target sites, the single-genome analysis failed to detect aCell 1similar trend. This could reflect opposing influences of differ-
ent miRNAs: while it is easy to imagine that ribosomal genes
avoid sites for all miRNAs, neurogenesis genes might enrich
for sites for some miRNAs but avoid sites for others. We
asked which individual miRNAs predominantly target neuro-
genesis genes andwhich do not (gene-enrichment statistics)
and then repeated the single-genome site-enrichment anal-
ysis for these sets of miRNAs separately. This confirmed that
neurogenesis genes enrich sites for neurogenesis miRNAs
(e.g., miR-9; Figure 2F) but reciprocally avoid sites for anti-
neurogenesis miRNAs (e.g., miR-124).
Our results indicate that antitargets circumvent miRNA-
mediated regulation by limiting 30UTR length and by selective
avoidance of target sites. In contrast, target genes have lon-
ger 30UTRs that are enriched in evolutionarily conserved
sites. The single-genome analysis reveals a more complex
picture where 30UTRs of target categories are enriched in
sites for some miRNAs but depleted for others, consistent
with individual miRNAs regulating specific sets of functionally
related genes.Note that thepreceding analyses arebasedon
all genes in each category, not only on the predicted targets
and antitargets, for which the trends would be even stronger.23, 1133–1146, December 16, 2005 ª2005 Elsevier Inc. 1137
Figure 3. miR-1 and miR-124 Target/Antitarget Expression
(A) Ubiquitously expressed genes significantly avoid sites for many embryonic miRNAs; no miRNA shows a preference for these genes at any stage of em-
bryonic development.
(B) Avoidance and enrichment patterns formiR-1 (top) andmiR-124 (bottom) for embryonic stages 11/12 and 13–16. The most significant tissues are color-
coded according to p values that combine gene- and site-enrichment statistics. Abbreviations: prim., primordium; dl. proth. phar., dorsal prothoracic pha-
ryngeal; compl., complexes.
(C and D) miRNA primary transcript in situ hybridization. Lateral views, anterior left, unless otherwise indicated.
(C)miR-1 expressed in the presumptive mesoderm at blastoderm stage (left); in visceral and somatic mesoderm at stage 10/11 (middle); in somatic, visceral,
and pharyngeal muscles at stage 17 (right, dorsal view).
(D) miR-124 expression is detected only in brain and ventral nerve cord. From left: stages 12, 13, 16 (ventral view).
(E) Common developmental origin of nervous system and epidermis and their miR-124 avoidance/enrichment patterns. Circle: miR-124 expression.Mutually Exclusive Expression of miRNAs
and Their Targets
The simplest explanation for significant site avoidance is that
antitargets are required in the miRNA-expressing cells and
miRNA-mediated repression would be detrimental. Consis-
tently, genes involved in basic cellular processes required in
all cells avoid sites for all miRNAs. As many miRNAs show
pronounced spatial and temporal expression patterns, we
investigated whether a similar avoidance pattern could be
found among genes that are developmentally coexpressed
with specificmiRNAs.We used an extensive collection of an-
notated in situ gene expression patterns for Drosophila em-
bryogenesis (Tomancak et al., 2002). We tested whether1138 Cell 123, 1133–1146, December 16, 2005 ª2005 Elsevier Insets of genes expressed in specific tissues or organs avoid
regulation by individual miRNAs, by combining the gene-
and site-enrichment statistics introduced above.
As expected, 30UTRs of genes classified as ubiquitously
expressed significantly avoid sites for many embryonically
expressed miRNAs (Figure 3A). This gene set overlaps
considerably with the antitarget categories above. In con-
trast, predicted targets for most miRNAs are preferentially
expressed at later stages when organogenesis takes
place. Hence, we investigated the tissue distribution of
predicted targets at embryonic stages 11/12 and 13–16
and asked if target site avoidance correlates with miRNA
expression.c.
The only tissue-specific gene sets that significantly avoid
miR-1 regulation are those for muscle (Figure 3B). Strikingly,
miR-1 is expressed exclusively in the presumptive meso-
derm in the early embryo and subsequently in developing
muscle (Figure 3C; Sokol and Ambros, 2005). Similarly,
miR-124 is expressed exclusively in the central nervous sys-
tem (CNS) and CNS genes most significantly avoidmiR-124
sites (Figures 3B and 3D). Both findings are consistent with
the analysis of Lim et al. (2005), who showed that overex-
pression of human miR-1 or miR-124 in HeLa cells led to
preferential downregulation of nonmuscle or nonbrain tran-
scripts, respectively. This indicates that these two miRNAs
are conserved not only in sequence and spatial expression
from flies to vertebrates but also in their tendency to avoid
coexpressed genes (Lim et al., 2005; Wienholds et al.,
2005; Zhao et al., 2005; Sokol and Ambros, 2005).
We also found tissue-specific gene sets that are signifi-
cantly enriched for miR-1 and miR-124 targets. Genes ex-
pressed in ectodermal derivatives, especially epidermal tis-
sues, enrich for miR-124 sites (Figure 3B). This is intriguing
in view of the common developmental origin of epidermal
and neural cells (Figure 3E). Neural progenitor cells are se-
lected from the neurectoderm in a stochastic process and
change their identity to neuronal. miR-124 is expressed ex-
clusively in neuronal cells as they begin to differentiate (Fig-
ures 5B–5E), and genes expressed in these cells avoid
miR-124 sites. By repressing epithelial genes in neurons,
miR-124may help ensure that the cell-type transition occurs
with high fidelity and that neuronal identity is guaranteed. For
miR-1, the strongest enrichment signal was for genes ex-
pressed in garland cells, which develop from the mesoderm
(Figure 3B).miR-1may limit expression of garland-cell genes
prior to separation of these cells from their mesodermal pro-
genitors.
Figure 4A shows significant patterns of tissue avoidance
and enrichment for miR-9a and miR-279. Genes expressed
in ectodermal tissues avoidmiR-9a sites, whereas genes ex-
pressed in the CNS and the peripheral nervous system (PNS)
are highly enriched for them. Expression analysis showed
that miR-9a is ectoderm specific. Early in development, it is
expressed in the presumptive ectoderm and neurectoderm,
but not in the presumptive mesoderm (Figure 4B). At later
stages, it is expressed in a dynamic pattern in the ectoderm,
but not in neural progenitors, sensory system progenitors, or
the definitive nervous system, consistent with the target site
avoidance and enrichment patterns.
Likewise, epidermal genes selectively avoidmiR-279 sites,
while genes expressed in PNS and CNS enrich for them
(Figure 4A).miR-279 is expressed in a complex dynamic pat-
tern during embryogenesis (Figure 4C). Strongest expres-
sion was seen in the head epidermis in regions adjacent to
where the sensory organ progenitors form. In addition, we
observed a complex expression pattern in trunk segments,
reminiscent of the PNS (Figure 4D). Double labeling with
the sensory cell marker couch potato (Bellen et al., 1992)
showed that miR-279-expressing cells are closely associ-
atedwith PNS cells, with limited overlap at the edges (Figures
4E and 4F). Consistent with the enrichment signal, neuronal
cells in the PNS lack miR-279 expression, suggesting thatCell 1miR-279 limits the neuronal character of cells in PNS
and CNS to adjacent cell populations. miR-279 is also ex-
pressed in the gonad (Figure 4C), again in agreement with
site avoidance.
HowExclusive IsMutual Exclusion?—Some Examples
Despite the overall mutual exclusion in the expression of
miRNAs and targets, a number of genes with predicted
target sites are annotated as being coexpressed with the
miRNA. To challenge our model, we analyzed several of
these cases in detail. For example, 16 genes with miR-124
binding sites are annotated as being expressed in the CNS.
In most cases, a close examination of the in situ data and/or
relevant literature showed that their expression is high in
nonneuronal tissues and low or not detectable in the CNS,
resolving the apparent conflict (e.g., thickveins, Amalgam,
and RhoBTB). From the remaining cases where absence
of expression in neurons was less clear, we analyzed lethal
of scute (l(1)sc), reversed polarity (repo), and Gliotactin (Gli)
(Figure 5). All three containmiR-124 sites that are conserved
in eight Drosophila genomes, and regulation of their respec-
tive 30UTRs has been verified in cell culture experiments
(Robins et al., 2005; data not shown). l(1)sc encodes a tran-
scription factor that is highly expressed in delaminating neu-
roblasts (Martin-Bermudo et al., 1991) but whose expression
is lost upon onset of neuronal differentiation, when miR-124
expression is first detected. Double in situs showed that
l(1)sc and miR-124 are expressed in the same cell lineage
but predominantly at different developmental stages (tempo-
ral mutual exclusion; Figures 5B and 5C). Simultaneous ex-
pression is only detected during germ-band retraction, yet
never in the same cells as determined by confocal analysis
(Figure 5E).
repo encodes a transcription factor, whose expression in
the CNS is restricted to lateral glia (Xiong et al., 1994). Dou-
ble labeling showed that the neuron-specific miR-124 is ab-
sent in neighboring repo-positive glia (spatial mutual exclu-
sion; Figures 5H–5J).
Gliotactinencodesa transmembraneprotein that is broadly
expressed in most epidermal cells and becomes more re-
fined at later stages (Figures 5L–5N).Gli is never seen in neu-
rons but is expressed in exit glia closely associated with the
ventral nerve cord (Auld et al., 1995), indicating spatialmutual
exclusion with the neuron-specific miR-124.
We performed a similar analysis for the muscle-specific
miR-1. The presence of two miR-1 sites in the muscle gene
Tropomyosin 1 (Tm1) seems in clear conflict with our model.
However, there are several isoforms of Tm1 (Hanke and
Storti, 1988; Figure 6A). The three isoforms expressed in
muscle lack miR-1 sites. The two highly conserved miR-1
sites are found in the 30UTR of the ‘‘cytoplasmic’’ isoform
(cTm1) and confer regulation by miR-1 in a luciferase-
reporter assay (data not shown). cTm1 is involved in motility
of nonmuscle cells, and expression is detected in gut, epi-
dermis, and brain, but not in muscle (Figures 6B and 6C).
cTm1 differs considerably from the muscle isoforms, and
its misexpression might interfere with assembly of functional
muscle fibers. Strikingly, the existence of Tropomyosin iso-
forms with distinct functions is conserved in vertebrates23, 1133–1146, December 16, 2005 ª2005 Elsevier Inc. 1139
Figure 4. miR-9a and miR-279 Target/Antitarget Expression
(A) Avoidance and enrichment patterns for miR-9a (left) and miR-279 (right) for stages 11/12 and 13–16.
(B and C) miRNA primary transcript in situ hybridization. Lateral views, anterior left, unless otherwise indicated.
(B)miR-9a expressed in ectoderm but not presumptivemesoderm at blastoderm (left, ventral view). At stage 12 expression is in ectodermal cells at segment
edges and in stomodeum, but not in CNS (middle; right, ventral view).
(C)miR-279 expression is first detected during germband elongation. Stage 11: expression in head epidermis and in segmentally repeated groups of cells in
the trunk (left). Stage 13: more complex pattern in the trunk (middle). Note strong expression outlining the edges of the head segments and the absence of
label centrally, where sense organ primordia form (arrow:maxillary segment). Stage 17: strong labeling in anterior spiracles (arrowhead), gonads (arrow), and
a complex signal in head segments (right; dorsal view).
(D) In situ hybridization for the PNS marker couch potato. From left: stage 11, 13 with strong labeling of head and trunk sense organs, and 16 (dorsal view).
(E and F) Confocal images of fluorescent in situ labeling for miR-279 (nuclear, green) and cpo (cytoplasmic, red). miR-279 expression generally flanks cpo
expressing PNS cells. Embryonic trunk region ([E], lateral view); head region ([F], ventral view).and again, only the cytoplasmic isoform of Tropomyosin 3,
contains a predicted miR-1 site (Krek et al., 2005; Lewis
et al., 2005). This example indicates that miRNAs might
not only reduce noise arising from erroneous transcription
but also from imprecise splicing.
Another interesting example is the V-ATPase complex.
Some of its subunits are annotated as being expressed in1140 Cell 123, 1133–1146, December 16, 2005 ª2005 Elsevier Inmuscle but contain miR-1 sites conserved in flies, worms,
and vertebrates (Figure 6D; Krek et al., 2005; Lewis et al.,
2005). In contrast to the F-ATPase, which is important for
ATP synthesis in all cells (not targeted by miR-1), V-ATPase
generates a proton gradient across membranes and regu-
lates the pH of certain organelles. Reexamination of the ex-
pression patterns (e.g., Figure 6E) and the literature (Allanc.
Figure 5. Proximity of miR-124/Target Expression
(A, F, and K) Evolutionarily conserved sequence blocks in 30UTRs (black). Local sequence alignments highlight miR-124 complementary seed sequences
(red).
(B, C, and D) Double in situ hybridization formiR-124 (blue) and l(1)sc (brown); development progresses from (B) (stage 9; dorsal view) to (C) to (D) (stages 11,
14; ventral views).
(E) Confocal analysis of fluorescent double in situ (ventral nerve cord, stage 11) showing l(1)sc-positive neuroblasts (red) and miR-124-positive neurons
(green).
(G) In situ hybridization for repo (stage 13) labels all lateral glia cells.
(H and I) Double labeling for miR-124 (blue) and repo (brown); development progresses from (H) to (I) (stages 11, 13; ventral views).
(J) Confocal analysis of fluorescent double in situ (ventral nerve cord, stage 13) showing repo-positive glia (red) and miR-124-positive neurons (green).
(L, M, and N) In situ hybridization verifies absence of Gli expression in neurons.
(L) Stage 11; dorsal view; (M) stage 13; (N) stage 16, arrow: exit glia.et al., 2005) indicates that V-ATPase is not expressed in
muscle but in tissues with high rates of membrane traffic
(e.g., gut or malphigian tubules), so thatmiR-1might prevent
its potentially deleterious ectopic expression in muscle.CeThus, the examples that were analyzed because they ap-
parently conflicted with our model actually support it. They
illustrate mutually exclusive expression of miRNAs with their
targets, either temporally or spatially.ll 123, 1133–1146, December 16, 2005 ª2005 Elsevier Inc. 1141
Figure 6. miR-1 and Muscle Physiology
(A) Tropomyosin 1 transcript isoforms (CDS, black; UTRs, white); 30UTR of the cytoplasmic isoform (cTm1) is enlarged with conserved sequence blocks in
black; miR-1 complementary seed sequences in red.
(B) In situ hybridization showing cTm1 expression in epidermis (left; stage 8), nervous system and gut (right; stage 14).
(C) In situ hybridization for muscle isoforms (mTm1) shows expression in muscles; stage 14 ventral view; (D) V-ATPase subunit genes inD. melanogaster,C.
elegans, and H. sapiens. Orange: those with predicted miR-1 target sites (this work; Lewis et al., 2005, Krek et al., 2005)
(E) In situ hybridization for Vha68-2 showing strong expression in gut, malphigian tubules, and CNS (left: dorsal view stage 13; right: ventral view stage 16;
arrow: ventral nerve cord).1142 Cell 123, 1133–1146, December 16, 2005 ª2005 Elsevier Inc.
DISCUSSION
In this report, we provide evidence that animal miRNAs have
wide-ranging effects on diverse sets of genes: (1) many
genes have been subject to selection during evolution to en-
rich for or avoid miRNA binding sites by changes in 30UTR
length and in site density. (2) Genes that avoid miRNA regu-
lation tend to be expressed ubiquitously and are involved in
basic cellular processes. In contrast, target genes show tis-
sue-specific expression with roles in developmental pro-
cesses. (3) Target site avoidance for individual miRNAs cor-
relates with miRNA expression, indicating that miRNA and
target expression are largely nonoverlapping during develop-
ment. (4) Targets of individual miRNAs tend to be expressed
in tissues spatially or temporally flanking the miRNA-expres-
sion domain. This mutually exclusive expression allows us to
propose a model in which miRNAs confer robustness to
gene-expression programs.
Site Number and Cooperativity
Ninety-five percent of genes with conserved target sites have
just one site for one miRNA. ‘‘Switch’’ targets (Bartel and
Chen, 2004) that are stringently regulated via multiple sites
for one miRNA are rare. Interestingly, most known targets
of genetically identified miRNAs contain multiple sites (Abra-
hante et al., 2003; Brennecke et al., 2003; Lee et al., 1993;
Lin et al., 2003; Reinhart et al., 2000; Wightman et al., 1993).
We speculate that their genetic identification was in fact pos-
sible because of strong target derepression in the absence
of the miRNA. Stringent target regulation might reflect the
potential damage from misregulation (e.g., the proapoptotic
gene hid or the many transcription factors among our top
predictions). For genes with single sites, meaningful regula-
tion is likely restricted to situations when transcript levels
are low relative to miRNA levels. Our analysis of miRNA
and target expression suggests that this type of regulatory
relationship is common in vivo. However, we do not exclude
the possibility that expression of some genes is more subtly
modulated (tuning targets; Bartel and Chen, 2004). Weak
sites are also a prerequisite for combinatorial regulation by
several miRNAs. We observed extensive cooccurrence of
sites for different miRNAs, which suggests cooperative reg-
ulation by coexpressed miRNAs or complementary regula-
tion by different miRNAs in different cells.
miRNAs and 30UTR Evolution
The widespread impact of animal miRNAs on many target
genes results from the flexibility of target-site recognition,
where as little as a 7mer seed can confer regulation (Bren-
necke et al., 2005; Doench and Sharp, 2004). Indeed, levels
of many RNAs change when siRNAs or miRNAs are intro-
duced into animal cells (Jackson et al., 2003; Lim et al.,
2005). Functional sites will thus appear frequently during
evolution, and our data suggest that genes confronted with
miRNAs have been under selection to specifically avoid sites
or take advantage of the regulation. Avoidance is expected
for genes for which miRNA-mediated repression would be
detrimental and for genes expressed at high levels, whichCellcould interfere by titrating miRNAs off their genuine targets
(Bartel and Chen, 2004).
We find that selection has acted both to limit 30UTR length
and to specifically eliminate miRNA complementary sites.
Reciprocally, 30UTR length and site density increases with
the number of miRNA binding sites. This suggests that
miRNAs have had a profound impact on 30UTR evolution.
Remarkably, 50% of conserved 8mer blocks in vertebrate
30UTRs are complementary to known miRNAs (Xie et al.,
2005). This predicts that the differences in 30UTR length
between target and antitarget categories observed in
Drosophila should also be present in other animals but ab-
sent in species lacking miRNAs (yeast) or in plants where
the requirements for miRNA pairing are higher, precluding
prevalent off-target effects (Schwab et al., 2005). Indeed,
genes coding for transcription factors have significantly lon-
ger 30UTRs than ribosomal genes in nematodes, flies, and
humans, whereas they are of similar lengths in yeast and
Arabidopsis (Figure 2H).
Mutual Exclusion
A key outcome of this work is the perspective on miRNA
function that emerges from the relationships between
miRNAs and both their targets and antitargets. miRNAs and
their targets are expressed in a largely nonoverlapping man-
ner, whereas miRNAs and antitargets tend to be coex-
pressed. Most intriguing is the finding that miRNAs preferen-
tially target genes expressed in neighboring tissues (spatially
or temporally). We call this mutual exclusion to emphasize
that miRNAs prevent unwanted expression of target tran-
scripts, which should be absent in the miRNA-expressing
cell. The evolutionary conservation of target sites and the ob-
servation that targets often have similar function or expres-
sion profiles argues that certain genes are predisposed of
being misexpressed. Although not detectable by in situ hy-
bridization, these transcripts might thus be present at low
levels, allowing the miRNA to repress their expression to in-
consequential levels.
Our findings suggest that only the combined analysis of
targets and antitargets can reveal miRNA function, and
that inferring function solely from targets might be mislead-
ing. For example, although we predict miR-9 to target many
neurogenesis genes, it is likely not involved in neurogenesis.
In contrast, the patterns of target avoidance and the miRNA
expression suggest thatmiR-9 confers epidermal identity by
suppressing erroneously transcribed neural genes. We were
not able to visualize expression ofmiR-9b and c. It is possible
that they are expressed in proliferating neuronal precursor
cells as in vertebrates (Wienholds et al., 2005), where they
might suppress premature differentiation, consistent with
the miR-9 target spectrum.
Our analysis is based on in situ expression data and indi-
cates that the transcription of miRNA and targets is generally
mutually exclusive. However, recent data show that animal
miRNAs can also destabilize target mRNAs (Bagga et al.,
2005; Lim et al., 2005), suggesting that miRNAs could shape
transcript patterns. If the degree of miRNA-mediated down-
regulation were strong, this could explain mutual exclusion
of miRNA and targets. However, the weight of available123, 1133–1146, December 16, 2005 ª2005 Elsevier Inc. 1143
evidence does not support this view: (1) the pattern of gene
expression defined by in situ hybridization generally reflects
the expression of enhancer traps that place lacZ under the
control of an endogenous promoter. For predicted miRNA
targets such as repo or Gli, the two patterns have been re-
ported to be indistinguishable (Auld et al., 1995; Xiong
et al., 1994; Figure 5). (2) We visualized the nascent tran-
scripts for the predicted targets repo,Gli, and l(1)sc using in-
tron probes or by confocal analysis and found them to be
comparable to the mature mRNA. (3) If target-expression
patterns were strongly influenced by miRNAs, ectopic ex-
pression should occur in the absence of miRNAs. However,
Sokol and Ambros (2005) did not detect ectopic expression
of predictedmiR-1 targets inmiR-1mutant flies. Nor did Gir-
aldez et al. (2005) find evidence for altered expression of im-
portant developmental genes in zebrafish embryos lacking
all miRNAs. This is consistent with reports that the effects
of miRNA expression on target mRNA levels are generally
<50% (Lim et al., 2005; Pillai et al., 2005). Bagga et al.
(2005) recently showed that the mRNA levels of the lin-4
and let-7 targets, lin-14, lin-28, and lin-41, were strongly
downregulated upon miRNA expression. However, target
mRNA levels were also reduced in lin-4 and let-7 mutants,
albeit to a lesser extent, indicating independent transcrip-
tional downregulation. It may be that even these ‘‘switch-
like’’ miRNAs support, rather than dictate, target-gene re-
pression.
The mode of mutually exclusive expression is likely impor-
tant in developmental decisions where cells need to make
transitions from one state to another. Progenitor cells must
maintain their identity while being able to efficiently initiate a
new developmental program. This might come at the cost of
leaky transcription, and amiRNA expressed in the progenitor
population could help to prevent premature expression of
genes needed during differentiation (e.g., miR-9a in neurec-
toderm). Reciprocally, miRNAs expressed in the daughter
lineage provide a rapid and effective means to repress resid-
ual mRNAs while the transcriptional program of the cell is
changing (e.g., miR-124 in neurons). We observed comple-
mentary patterns between miRNAs in spatial expression and
identity of targets and antitargets, indicating reciprocal roles
for different miRNAs (e.g., miR-124 and miR-9).
Although we think that the model of mutual exclusion ap-
plies to many or all miRNAs, this might be obscured in some
cases. Some miRNAs have highly dynamic expression pat-
terns that do not coincide with tissues or organs. miRNAs
likely target different genes at different times or in different tis-
sues, but this temporal and spatial resolution is not reflected
in the lists of predicted targets. Some miRNAs come in fam-
ilies with identical or near-identical sequences and conse-
quently very similar target lists. As some are expressed from
different genetic loci in different tissues (A. Boutla, personal
communication), comparison of target prediction and spatial
expression cannot be resolved for individual family mem-
bers. In addition, complex organs often contain various cell
types that express different miRNAs (e.g., nerve cells versus
glia) so that reciprocal avoidance and enrichment signals for
the whole organ might cancel each other. Our model might
even apply to miRNAs that seem to be expressed ubiqui-1144 Cell 123, 1133–1146, December 16, 2005 ª2005 Elsevier Itously, as those are likely not ubiquitous over time but could
support developmental transitions as systemic timers.
Finally, we derived this model for miRNAs that are con-
served and abundant during normal fly development. It is
possible that recently evolved species-specific miRNAs are
more involved in fine-tuning gene expression to adapt organ-
isms to different environments rather than supporting more
ancient developmental programs.
Perspective
We suggest that miRNAs confer precision and robustness
to developmental processes. This view is based on several
findings: (1) miRNAs regulate a large number of targets with
diversemolecular and physiological functions rather than few
key factors; (2) most targets contain only single sites for
individual miRNAs insufficient for stringent regulation; (3)
miRNAs and their targets are generally expressed in a mutu-
ally exclusive manner; (4) although miRNAs have recently
been reported to show striking tissue- and organ-specific ex-
pression in zebrafish embryos (Wienholds et al., 2005), a gen-
eral role for miRNAs as developmental switches in patterning
or organogenesis was excluded by analyzing Dicer mutants
(Giraldez et al., 2005). This is consistent with our proposal
that miRNAs confer fidelity to developmental processes
and leads to the expectation that a considerable proportion
of mutants lacking single miRNAs might show only relatively
mild defects, e.g., increased developmental variability. Dur-
ing evolution, developmental robustness is, however, crucial,
and indeed numerous miRNAs are deeply conserved in in-
sects, nematodes, and vertebrates. The ease with which
novel miRNAs and miRNA target sites can be acquired or
lost, with the ensuing consequences in developmental varia-
tion makes miRNAs powerful tools during evolution.
EXPERIMENTAL PROCEDURES
Target Prediction
Orthologous pairs of unique D. melanogaster and D. pseudoobscura
30UTRs were aligned as described (Brennecke et al., 2005). For each
cloned Drosophila miRNA (Aravin et al., 2003) we found all 8 to 4mers
complementary to the 50 end of the miRNA that were 100% conserved al-
lowing for positional alignment errors of ±2 nt. For 8mers, we allowed one
nt loop in the miRNA or target and one mismatch, for 7mers one G:U mis-
match. For each match, we extracted the 30 adjacent sequence for both
genomes, paired it to the miRNA 30 end starting at nt 10 with RNAhybrid
(Rehmsmeier et al., 2004) and used the worse score. For 8mers with
a G:U mismatch or loop on the target side, we required 30 pairing to be
R50% of the maximally possible pairing energy; 60% was required for
8mers with a mismatch or loop on the miRNA side, as well as for 7mers
with a G:U mismatch and for 6mers, 70% for 5mers, and 80% for
4mers; none was required for 8 and 7mers. We normalized the 50 and
30 pairing energy calculated by RNAhybrid separately using Z scores
(Stark et al., 2003). Based on the statistical signal obtained from pure
seed matching for the individual seed types (Brennecke et al., 2005),
the 50 scores for 8mers were weighted by 2.8, 7mers by 2, and
6mers and target-side loops by 1.2  .50 and 30 scores were added to
give the individual site score. The UTR score is the sum of all sites with
nonoverlapping seeds.
Shuffled miRNA Controls
We used 10 random (shuffled) miRNAs for each of the 39 cloned 50 non-
redundant miRNAs.We shuffled the entire miRNA sequence and requirednc.
the random sequences to have an equal number of matches (±15%) in
theD. melanogaster 30UTRs. Targets were predicted for shuffled miRNAs
as above.
Site Cooccurrence
We counted the number of predicted sites for all cloned miRNAs per
gene. For the random controls, we distributed an identical number of sites
as obtained in our analysis for each miRNA randomly across all genes by
a ‘‘drawing experiment with replacement’’ and counted number of times
each gene was chosen. Note that comparison to predictions for shuffled
miRNAs are uninformative (see Supplemental Data). For the drawing ex-
periment, we first assumed an identical a priori probability (i.e., database
frequency) of being a target for all genes and randomly drew genes (with
replacement) from our database. We then corrected (multiplied) the
a priori probability for each gene with its 30UTR length, as the number
of short matches in a long sequence depends linearly on the sequence
length. For each distribution, we binned all genes according to the num-
ber of sites and calculated the median 30UTR length and site density
(number of sites per kb 30UTR sequence) within each bin.
Comparison of 30UTR Lengths
30UTRs and GO annotations were obtained from ENSEMBL (H. sapiens),
TAIR (www.Arabidopsis.org, A. thaliana), and Wormbase (C. elegans).
For S. cerevisiae, GO annotations were obtained from SGD (www.
yeastgenome.org), and 30UTR length information for 2214 genes was
kindly provided by Lars Steinmetz. Median lengths for all genes in the re-
spective GO categories were calculated from the 30UTR length average of
all splice forms per gene, and the significance of the group differences
was assessed with a two-tailed t test.
Functional Clustering
We obtained annotations from the Gene Ontology consortium, the KEGG
database, and the BDGP in situ expression database (second release
kindly provided by P. Tomancak and V. Hartenstein, personal communi-
cation). We added all parent categories to each gene’s annotation to al-
low functional comparison at every level of the hierarchy. We tested for
enrichment and avoidance of genes corresponding to all categories within
our predictions by three different, complementary measures (see Supple-
mental Data for details). Briefly, we tested (1) whether a category is over/
underrepresented among predicted targets, (2) whether 30UTRs in a cat-
egory contain more sites than expected given their length and conserva-
tion, and (3) whether target sites are better conserved than average 30UTR
sequences in a category. All measures are based on binomial p values
that assess the deviation from random where small p values close to
zero are significant.
UTR Assays
30UTRs of predicted targets were cloned downstream of firefly luciferase
(reporter plasmids). miRNAs were expressed from plasmids containing
500 bp genomic DNA including the hairpin. Reporter and miRNA plas-
mids contained the tubulin promoter. S2 cells were transfected in six-
well plates with 0.1mg of the firefly luciferase reporter plasmid, 0.1 mg of
Renilla luciferase transfection control, and 1 mg of miRNA expression
plasmid or empty vector. Transfections were performed in triplicate.
Dual luciferase assays were performed 2.5 days after transfection ac-
cording to the manufacturer’s protocol (Promega).
miRNA In Situs
pri-miRNA transcript in situs were as described (Kosman et al., 2004) ex-
cept for the following: embryos were not treated with Xylene; probes were
labeled with DIG-11 UTP but not hydrolyzed; probes were detected with
AP-coupled anti-DIG Fab fragments (Roche #1093274; 1:2000; 2 hr RT)
and visualized with NBT/BCIP (Roche #1682326; 30–120 min). For dou-
ble in situs, the probes were hybridized together (labels—pri-miRNA, DIG;
mRNA, Fluorescein-12-UTP), pri-miRNA was detected as above and the
antibody removed with Glycine/HCl (0.1M; pH2.2). mRNA was then de-
tected with AP-coupled anti-Fluorescein Fab fragments (1:2000; Roche
#1426346) and visualized with INT/BCIP (Roche #1681460). Fluorescent
double in situs were as follows: primary antibodies (anti-DIG POD [1:200;CellRoche #1207733] and AP-coupled anti-Fluorescein) were incubated to-
gether (2 hr RT). miRNA was detected first with the tyramide signal ampli-
fication method (Molecular Probes #T-20939; 2 hr RT). If needed, a sec-
ond amplification round was performed using HRP coupled anti-oregon
green (1:400; Molecular Probes #A21253). Subsequent mRNA detection
was performed as above but using FastRed (Roche #3019560).
Supplemental Data
Supplemental Data include three figures, one table, and supplemental
text and can be found with this article online at http://www.cell.com/
cgi/content/full/123/6/1133/DC1/.
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